An anaZy&iA o(> dc-to-dc switching conventew> in constant-fanequency current-programmed continuous conduction modo, U> performed, and leadLs to two significant, results.
INTRODUCTION
Over the last several years an effort has been made to characterize the transfer properties of dc-to-dc switching converters in the frequency domain. This program has culminated in the "statespace averaging" approach, and leads to generalized equivalent circuits ("canonical models") that ex press the line-to-output and control-to-output transfer properties. So far, equivalent circuits have been derived for the continuous and the discontinuous conduction modes of a converter operated in the conventional "duty-ratio pro grammed mode" in which the duty ratio appears as the external port at which feedback for regulation purposes is applied [ 
employed.
In this mode, the converter power switch duty ratio is determined by the times at which the switch current reaches a threshold value determined by a control signal. Thus, this threshold level, rather than the duty ratio, becomes the input port for feedback in the current-programmed mode. In [3] , both the turn-on and turn-off times of the switch are determined in this manner, resulting in a free-running converter; in [4] , the turn-on times are periodically clocked, leading to a fixed-frequency system, as shown in current. Third, as will be seen from this paper, the current-programmed mode, relative to dutyratio programming, effectively removes one pole from the loop gain, simplifying the design of the feedback network.
This paper is concerned with dc-to-dc con verters operated in the fixed-frequency currentprogrammed mode and in continuous inductor conduction. One objective, as in previous work on the duty-ratio programmed mode, is to obtain small-signal equivalent circuit models which represent both the input and output properties, and which can then be embedded in the model of a complete regulator system, so that the overall dynamic properties and stability can be not only analyzed but also designed. However, for con verters of this type more work is needed, because a fixed-frequency current-programmed converter is subject to oscillation even in the absence of regulator feedback. Hence, a second objective is to develop design techniques for eliminating this potential instability, and, if a range of solutions exists, picking the one which results in the best converter performance.
This notorious stability problem is discussed in Section 2, in which the cause of the possible oscillation is analyzed and a remedy for the problem is proposed.
Section 3 contains the development of a modelling technique for currentprogrammed converters. After a brief review of state-space averaging, an integral part of the technique, the necessity of an extension of this method is demonstrated.
Such an addition is then developed, and applied to the example of the Cuk converter. The section is concluded with a comparison of the dynamics of converters in the current-programmed mode with those of the same converters operated under duty-ratio programming. The salient feature of the current programmed continuous inductor current mode is that the control-to-output transfer function is basically one-pole, as is the duty ratio programmed discon tinuous inductor conduction mode, but in contrast to the two-pole response in the conventional duty ratio programmed continuous conduction mode. In Section 4, refinement of the results of Section 3 is undertaken, leading to more accurate models appropriate for more sophisticated applications. Finally, in Section 5, experimental verification of the models for boost and Cuk converters [5] is presented.
CURRENT-PROGRAMMING INSTABILITY: CAUSE AND REMEDY
As mentioned in the introduction, a constantfrequency current-programmed converter is subject to instability even in the absence of external regulator feedback [4] . The cause of the problem lies in the fact that the current-programmed scheme constitutes an "internal" feedback loop: the level of the switch current determines when that same switch is turned off. It is found that the oscillation generally occurs when the duty ratio exceeds 0.5, regardless of the type of converter.
A brief review of the nature of the insta bility is now presented. The effect can be explained with the help of the waveforms in Fig.  2 , which is a straight line plot of the inductor current which flows through the power switch when that switch is on. Straight lines well approximate current waveforms since system time constants are by design large compared to Tg. The control signal is also plotted. If there is a perturbation, relative to the steady state, of ΔΙ in the inductor current at the beginning of a period, the waveforms show that after one cycle, the error will have become Thus, after η cycles, the perturbation will be ί D \ n ΔΙ η * Ι" {Η ΔΙ ο (3) Apparently, the "steady state" is not a stable solution if the duty ratio is greater than 0.5.
As described in [4] , this potential instabil ity can be eliminated by the addition of a suitable cyclic artificial ramp to either the switch current waveform or to the control signal. Wave forms for this modification are shown in Fig. 3 , in which the control signal is given a cyclic falling slope -m. An argument similar to that used previously shows that now a perturbation ΔΙ is carried into ο η In connection with these findings, two practical items should be mentioned. First, if the switch current is monitored with a trans former, its magnetizing current acts as a destabilizing ramp. Hence, in the absence of an artificial ramp, the minimum value of duty ratio for which oscillation occurs is less than 0.5. Likewise, an artificial ramp would have to be adjusted to compensate for this additional influ ence. The second point is that the slope m^ may change with operating conditions. In this case, if a fixed linear ramp is used, the benefit of single-cycle elimination of errors is achieved at only one operating point. More sophisticated ramps might be used to overcome this problem.
MODELLING AND ANALYSIS

Review of State-Space Averaging Method, Continuous Conduction Mode
The state-space averaging method has been developed to determine the small-signal line-tooutput and duty-ratio-to-output transfer proper ties of converters operated in both the contin uous and discontinuous conduction modes [ Note, for duty ratios less than 0.5, that while the system will be stable in the absence of an artificial ramp, even in these situations the best possible transient response is only attained if a ramp of the correct slope is used. Thus, this compensation scheme benefits system perfor mance for any operating condition, not just cases where an artificial ramp is required to avoid instability. The same results hold if an artifi cial ramp of slope m is added to the switch current instead of to the control signal. 
Tig.
Reduced block diagram o/j regulator, incor porating the desired maUL-^ignal Linear equivalent circuit model ο fa the power λ tagt in current-programmed mode,. These two pieces of information are combined on the basis of the intuitive notion that the programmed inductor current is changed in status from an unknown state to a "driving" term, while the duty-ratio modulation loses its importance as an independent input. In mathematical ex pression of this idea, the state equation for i^ from the state-space averaged equation (14) It is important to remember that the control constraint (19) is only an approximation. In Section 4, a second, more accurate version of (15) will be introduced, one which leads to more accurate models. However, for many purposes, (19) is adequate to describe the effects of the current feedback, and will be used throughout the remain der of this section. In the Cuk converter, the programmed current is actually the sum of the two inductor currents, since that is the current through the switch when it is closed. Therefore, duty ratio expression (16) is found by summation of (23) 
in which in a buck or buck-boost converter, the input pro perties of these converters cannot be carried through the analysis in the absence of an input filter. Therefore, input LC filters are added in these two cases so that the equivalent circuit models accurately represent the input properties. The salient feature of all these converters is that the resulting control-to-output transfer function basically has two poles in the continuous conduction mode, plus a right half-plane zero in the case of the boost and buck-boost converters, in contrast to the basically one-pole response in the discontinuous conduction mode. A combination of both these responses appears in the equivalent circuit models developed here for the currentprogrammed continuous conduction mode.
Comparison of Dynamics in
The one-pole response is seen most clearly from the model of the buck converter in currentprogrammed continuous conduction mode shown in Fig. 14(a) Fig. 14(b) , it is seen that the boost con verter also has a one-pole control-to-output response, with addition of the same right halfplane zero as in the duty-ratio programmed mode [1] . The same remarks apply to the buck-boost converter modelled in Fig. 14(c) .
All three converters in current-programmed continuous conduction mode have the same general form of model as for the duty ratio programmed discontinuous conduction mode [2] . That of the buck-boost converter in Fig. 14(c) Thus, essentially a one-pole response occurs, with a "glitch" in the neighborhood of the corner frequency of L.. and C. , the size of the glitch being greater the higher the Q-factor of the L-C. resonance. This is quite similar to the glitch effect observed in the duty-ratio pro grammed mode [6] .
Relatively minor modifications occur in the above results when the dependent generator across C^ in Fig. 13 is accounted for. In fact, at high frequencies this generator has no effect at all, since it is shorted by C^. At low frequencies, the node voltage v^ becomes much smaller than v^, so that the dependent generator effectively be comes (D'/R^v^ in parallel with the independent generator DM or, equivalently, a resistance R^/D' across C D'ic.
By (32), R^^/D' = R/D, so this resistance introduces a second pole in the control-to-output transfer function at R/DL~.
Normally, the frequency of this pole is much higher than the corner frequency of L^ and C^, above which, as already seen, the dependent generator across C^ is effectively shorted; hence, the conclusion is that the dependent current generator has little effect upon the qualitative control-to-output transfer function, which is essentially a one-pole response plus a glitch at the L^C^ resonance.
In all four of the converters, the reduction of the control-to-output transfer function from a two-pole response in the duty ratio programmed continuous inductor current mode to a one-pole response in the current-programmed continuous conduction mode is a direct consequence of the programmed inductor current being constrained to be equal to the control signal and hence ceasing to be an independent state variable. This reduc tion of the order of the system greatly simplifies the design of a regulator loop. Thus, the same desirable one-pole loop response is obtained as in the duty ratio programmed discontinuous inductor current mode, but without the disad vantage of high ripple.
IMPROVED ACCURACY MODELS
The equivalent circuit models of Figs. 13 and 14 are satisfactory for most practical design purposes, as will be seen from the experimental data presented in Section 5. However, if the application does require more accuracy than can be achieved with the equivalent circuit models given thus far, more accurate models are available. The improvement is accomplished by altering the control constraint (15) so as to give a better description of the effect of the current loop; previously, it was assumed that variations in the programmed current followed variations in the control signal exactly. A more careful analysis is now undertaken. Figure 15 shows the actual detailed relation ship between the control signal and the programmed current. An artificial ramp of constant slope m, added to the switch current, is also included. approaching the switching frequency.
Since system bandwidth is usually kept well below the switching frequency, these terms are safely neglected. This more accurate version of the modelling technique has been applied to all four of the con verters considered earlier. In each case, the slope of the artificial ramp was chosen to be equal to the falling slope of the programmed inductor current, as discussed in Section 2. Correction terms which would be effective only in the neighborhood of the switching frequency were neglected. The results are summarized in Fig. 16 for the Cuk converter and in Fig. 17 for the other three converters. It is seen that all three converters now require the "full" model previously needed only for the buck-boost converter in Fig. 14(c) .
For the boost converter, the simple model predicts infinite open-loop input impedance if the control signal is held constant, because the input current is the programmed inductor current and is thus constrained to the fixed control signal. However, as the input voltage varies, the slope of the inductor current also changes and, as a result, the average input current varies slightly with the input voltage. Hence the input impedance is actually finite, and the additional elements in the more accurate model of the boost converter account for this effect. Likewise, the simple model of the current-programmed buck converter predicts infinite line rejection but, for the same reasons that the boost converter input impedance is not infinite, a source disturbance in a currentprogrammed buck converter results in a small change in the output voltage. The additional generator in the output port of the buck converter more accurate model takes this phenomenon into account.
The significance of the parameter Κ is that it is a measure of the ratio of the inductor dc current, proportional to I, to its switchingfrequency ac ripple current, which is proportional to (V/L) Tg.
Thus, Κ is large when the inductor dc current is large compared to its ripple current. As the dc load resistance R = V/I becomes larger, the converter approaches the discontinuous induc tor current mode as Κ becomes smaller.
It is no coincidence that Κ is precisely the "inductor conduction parameter" defined in It is seen that the dynamic properties of all four converters in the current-programmed contin uous inductor current mode are very similar to those in the duty ratio programmed discontinuous current mode. However, it is interesting to note that the dynamic properties in the duty ratio programmed continuous conduction mode are inde pendent of the inductor conduction parameter (that is, of dc load resistance), whereas the dynamic properties in the current-programmed continuous conduction mode become progressively more affected as discontinuous conduction is approached.
That is, the elements involving Κ or Κ in the models of Figs. 16 and 17 become progressively more dependent on Κ or Κ as this parameter decreases towards its critical value.
EXPERIMENTAL VERIFICATION
A Cuk converter operated in current-pro grammed mode was built to test the accuracy of the equivalent circuit model. The circuit diagram is shown in Fig. 18 . Also constructed was a boost converter, with similar control circuitry.
Since the purpose was to compare measured transfer functions with theoretical predictions, output voltage feedback was not applied.
In . . Fig. 20 The. -6ame. expeJUme.ntal da-ta 0 6 Fig. 19 eCKYIpatted with the. eompLLteA pftedictioYl. -6 bM ed on the. "exrended" model 0 6 Fig. 16 . Another way of looking at the above result follows from recognition that the original depen dent current generator across in the model acts similarly to a parallel damping resistance whose value is of the order of R^; since is of order R, and since R is usually large enough to corres pond to only light damping, it follows that addition of explicit damping resistance R.. will usually justify omission of the original dependent current generator from the model, as shown in Fig.  22 .
To illustrate how such damping can eliminate the glitch in the control-to-output transfer function, a resistor of 2.1Ω dc blocked by a 900yF capacitor was placed across C. in the exper imental circuit of Fig. 18, and a 10Ω 
CONCLUSIONS
A converter operated in the current-programmed mode has the properties of continuous switch pro tection, overload protection, equal load sharing in parallel operation, and simpler control dynamics than in the conventional duty-ratio programmed mode. However, in the course of development of a good design technique, two difficulties must be over come: (1) the potential instability of the current loop when the duty ratio is greater than 0.5, and (2) the lack of a complete equivalent circuit model which can guide the designs of a regulator feedback loop and an input filter.
Solutions to both problems have been presented in this paper, for any converter operated in con stant-frequency, current-programmed continuous inductor current mode. In Section 2, a particular value of the artificial ramp slope is proposed, which guarantees not only stability, but also the fastest possible transient response of the pro grammed current.
In Sections 3 and 4, a method is introduced which leads to a small-signal linear equivalent circuit model which represents both the input and the output properties of a converter operated in current-programmed continuous conduc tion mode. The method is an application of the state-space averaging technique, which describes the relationships between the variations of state variables, input voltage, and duty ratio around the operating point in a simple and elegant manner. An extra constraint on the inductor current is then imposed to reflect the nature of the current-programmed mode.
The model is developed in detail for the Cuk converter, and the results are also presented for the conventional buck, boost, and buck-boost con verters. In all cases, the salient feature of the model for the current-programmed continuous conduction mode is that it predicts a basically one-pole response for the control-to-output transfer function. This is to be expected since, qualitatively, the programmed current feeds directly into the output capacitor producing the single pole, and the inductor current essentially ceases to be an independent state. The model for current-programmed continuous conduction mode has the same one-pole control-tooutput response as does that for the duty ratio programmed discontinuous conduction mode, but it also contains the same right half-plane zeros as does the model for the conventional duty ratio programmed continuous conduction mode. In both modes, these (single) right half-plane zeros occur for the boost and buck-boost converters, but not for the buck.
In the Cuk converter, which contains an "inherent" input filter in addition to the "output" filter, there is a possibility of a pair of right half-plane zeros in the model for both the currentprogrammed and the duty ratio programmed continuous conduction modes. In both cases, this can arise because of an interaction between the input and output filters, and the pair of zeros can be moved to the left half-plane by suitable damping of one or both filters.
From another point of view, such damping essentially prevents the input filter from having any significant effect upon the control-to-output transfer characteristic, which consequently retains the essentially one-pole response. Two forms of model for current-programmed continuous conduction mode are derived, a "simple" model and an "extended" model in which account is taken of the fact that the inductor current is not entirely removed as a state variable. The extended model reduces to the simple model when the inductor ripple current is vanishingly small compared to its dc component, that is, when the converter operates deep in the continuous conduction mode. The dis crepancies between the extended and the simple models become progressively more severe as dis continuous conduction is approached, and in fact the discrepancies are quantitatively expressed in terms of the parameter Κ previously introduced as an "inductor conduction parameter" in models of converters operated in duty ratio programmed dis continuous conduction mode.
Experimental measurements of converter input admittance, line rejection, and control-to-output transfer function agree well with computer predictions^from both the simple and extended models for the Cuk converter in current-programmed con tinuous conduction mode, and also for the boost converter.
It is also shown that^a particularly simple form of the model for the Cuk converter results when sufficient damping of the input filter is incorporated, as is normally required for acceptable performance.
The models developed for converters in currentprogrammed continuous conduction permit informed design of loop gain, input and output impedances, line rejection, and other performance properties to be undertaken for regulators containing con verters operated in this mode.
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